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ABSTRACT
Excellent coverage of the 1998 outburst of the X-ray Nova XTE J1550–564
was provided by the Rossi X-ray Timing Explorer. XTE J1550–564 exhibited
an intense (6.8 Crab) flare on 1998 September 19 (UT), making it the brightest
new X-ray source observed with RXTE. We present a spectral analysis utilizing
60 Proportional Counter Array spectra from 2.5–20 keV spanning 71 days,
and a nearly continuous All Sky Monitor light curve. The spectra were fit
to a model including multicolor blackbody disk and power-law components.
XTE J1550–564 is observed in the very high, high/soft, and intermediate
canonical outburst states of Black Hole X-ray Novae.
Subject headings: black hole physics — stars: individual (XTE J1550-564) —
X-rays: stars
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1. Introduction
The X-ray nova and black hole candidate XTE J1550–564 was discovered (Smith et
al. 1998) with the All Sky Monitor (ASM; Levine et al. 1996) aboard the Rossi X-ray
Timing Explorer (RXTE) just after the outburst began on 1998 September 6. The position
quickly led to the identification of the counterparts in the optical (Orosz, Bailyn, & Jain
1998) and radio (Campbell-Wilson et al. 1998) bands. Early observations of the source with
BATSE (Wilson et al. 1998) revealed an X-ray photon index in the range of 2.1–2.7; on one
occasion the source was detected at energies above 200 keV.
The X-ray light curve of XTE J1550–564 from the ASM is shown in Figure 1. The
source is the brightest transient yet observed with RXTE: the flare of 1998 September 19-20
reached 6.8 Crab (or 1.6 ×10−7 erg s−1 cm−2) at 2–10 keV. The overall profile of the
outburst, with its slow 10-day rise, dominant X-ray flare, 30-day intensity plateau, and
relatively rapid ∼10-day decay timescale (after MJD 51110), is different from the outbursts
of classical X-ray novae like A0620–00 (see Chen, Shrader, & Livio 1997). The apparent
optical and X-ray brightness of XTE J1550–564, and even its X-ray light curve, are roughly
similar to that of X-ray Nova Oph 1977, a black hole binary, for which there is a distance
estimate of ∼ 6 kpc (Watson, Ricketts, & Griffiths 1978; Remillard et al. 1996).
The discovery of XTE J1550–564 prompted a series of pointed RXTE observations
with the Proportional Counter Array (PCA; Jahoda et al. 1996) and the High-Energy X-ray
Timing Experiment (HEXTE; Rothschild et al. 1998) instruments. These were scheduled
almost daily for the first 50 days of the outburst and roughly every two days during the
following two months. The first 14 RXTE observations were part of a guest observer
program with results reported by Cui et al. (1998). They found that during the initial
X-ray rise (0.7–2.4 Crab at 2–10 keV), the source exhibited very strong QPOs in the range
0.08–8 Hz. The rapid variability and the characteristics of the X-ray spectrum suggested
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that XTE J1550–564 is powered by an episode of accretion in a black hole binary system
(see Tanaka & Lewin 1995). The possible presence of a B ∼ 22 mag counterpart (Jain et
al. 1999) is especially important since this may allow radial velocity studies in quiescence
that could confirm the black hole nature of the primary.
Herein we present 60 X-ray spectral observations spanning 71 days of the 1998 outburst
of XTE J1550–564. These observations include all of our RXTE guest observer program
(#30191) and the first five public observations of this source. A timing study based on
these same RXTE observations and observations of the optical counterpart are presented in
companion papers (Remillard et al. 1999 and Jain et al. 1999; hereafter Paper II and Paper
III, respectively).
2. Spectral Observations and Analysis
We present 60 observations of XTE J1550–564 (see Fig. 1) obtained using the PCA
instrument onboard RXTE. The PCA consists of five xenon-filled detector units (PCUs)
with a total effective area of ∼ 6200 cm−2 at 5 keV. The PCA is sensitive in the range
2–60 keV, the energy resolution is ∼17% at 5 keV, and the time resolution capability is
1 µsec. The HEXTE data are not presented here due to uncertainty in the PCA/HEXTE
cross calibration.
The PCA data were taken in the “Standard 2” format and the response matrix for each
PCU was obtained from the 1998 January distribution of response files. The pulse height
spectrum from each PCU was fit over the energy range 2.5–20 keV, using a systematic error
in the countrates of 1%, and background subtracted using the standard background models.
Only PCUs 0 & 1 were used for the spectral fitting reported here and both PCUs were fit
simultaneously using XSPEC.
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The PCA spectral data were fit to the widely used model consisting of a multicolor
blackbody accretion disk plus power-law (Tanaka & Lewin 1995; Mitsuda et al. 1984;
Makishima et al. 1986). The fits were significantly improved by including a smeared Fe
aborption edge near 8 keV (Ebisawa et al. 1994; Inoue 1991) and an Fe emission line with a
central energy around 6.5 keV and a fixed width of 1.2 keV (FWHM). The fitted equivalent
width of the Fe emission line was
∼
< 100 eV. Interstellar absorption was modeled using
the Wisconsin cross-sections (Morrison & McCammon 1983). The fitted hydrogen column
density varied from 1.7 to 2.2 ×1022 cm−2 and was fixed at 2.0 × 1022 cm−2 in the analysis
presented here, resulting in a total of eight free parameters.
Three representative spectra are shown in Figures 2a–c. These spectra illustrate the
range of X-ray spectra for XTE J1550–564, in which an intense power-law component
dominates a hot disk (a), a strong power-law dominates a warm disk (b), or the disk
dominates a weak power-law (c). The addition of the Fe emission & absorption components
is motivated in Figures 3a & b, which show the ratio of a typical spectrum to the model
without and with the Fe emission & absorption. The addition of the Fe emission &
absorption components reduces the χ2ν from 7.9 to 0.9 in this example.
The fitted temperature and radius of the inner accretion disk presented here (Tin &
Rin) are actually the color temperature and radius of the inner disk, which are affected
by spectral hardening due to Comptonization of the emergent spectrum (Shakura &
Sunyaev 1973). The corrections for constant spectral hardening are discussed in Shimura
& Takahara (1995), Ebisawa et al. (1994), and Sobczak et al. (1999), but are not applied
to the spectral parameters presented here. The physical interpretation of these parameters
remains highly uncertain. The model parameters and component fluxes (see Table 1) are
plotted in Figures 4a–e. All uncertainties are given at the 1σ level.
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3. Discussion of Spectral Results
The spectra from MJD 51074 to 51113 are dominated by the power-law component
which has photon index Γ = 2.35–2.86 (Fig. 4c, Table 1). The source also displays strong
3–13 Hz QPOs during this time (Paper II), whenever the power-law contributes more
than 60% of the observed X-ray flux. This behavior is consistent with the very high state
of Black Hole X-ray Novae (BHXN) (See Tanaka & Lewin (1995) and references therein
for further details on the spectral states of BHXN). After MJD 51115, the power-law
component weakens rapidly, with Γ ∼ 2.0–2.4, and the disk component begins to dominate
the spectrum (see Fig. 2c). The source generally shows little temporal variability during
this time (Paper II). We identify this period with the high/soft state. However, during this
time the source occasionally exhibits QPOs at ∼ 10 Hz (Table 1) and we identify those
observations with the intermediate state. The low state was not observed and the intensity
increased again after MJD 51150.
From Figure 4b, it appears that the inner radius of the disk does not remain fixed at
the last stable orbit throughout the outburst cycle. From Table 1, we see that the intense
flare on MJD 51075 is accompanied by a dramatic decrease in the inner disk radius from 33
to 2 km (for zero inclination (θ = 0) and D = 6 kpc) over one day. Similar behavior was
observed for GRO J1655–40 during its 1996-97 outburst: the observed inner disk radius
decreased by almost a factor of four during periods of increased power-law emission in the
very high state and was generally larger in the high/soft state (Sobczak et al. 1999).
The physical radius of the inner disk may vary in these systems, by as much as a
factor of 16 in the case of XTE J1550–564. Another possibility, however, may be that the
apparent decrease of the inner disk radius observed during intense flares from these two
sources is caused by the failure of the multicolor disk model at these times. This failure
could occur when spectral hardening becomes significant in the inner disk, causing the
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color temperature to assume a steep radial profile (Shimura & Takahara 1995). In such a
case, fitting the multicolor disk model (which assumes T ∼ r−3/4) to the resulting spectrum
yields an inner disk radius which is smaller than the physical value (Sobczak et al. 1999).
Thus the actual physical radius of the inner disk may remain fairly constant in the presence
of these intense flares.
The peak luminosity (bolometric disk luminosity plus 2–100 keV power-law luminosity)
observed during the flare on MJD 51075 is L = 1.2 × 1039(D/6kpc)2 erg s−1, which
corresponds to the Eddington luminosity for M = 9.6M⊙ at 6 kpc.
4. Conclusion
We have analyzed RXTE data obtained for the X-ray Nova XTE J1550–564.
Satisfactory fits to all the PCA data were obtained with a model consisting of a multicolor
disk, a power-law, and Fe emission and absorption components. XTE J1550–564 is observed
in the very high, high/soft, and intermediate canonical outburst states of BHXN. The
source exhibited an intense (6.8 Crab) flare on MJD 51075, during which the inner disk
radius appears to have decreased dramatically from 33 to 2 km (for zero inclination and
D = 6 kpc). However, the apparent decrease of the inner disk radius observed during
periods of increased power-law emission may be caused by the failure of the multicolor disk
and the actual physical radius of the inner disk may remain fairly constant.
This work was supported, in part, by NASA grant NAG5-3680. Partial support for
J.M. and G.S. was provided by the Smithsonian Institution Scholarly Studies Program.
C.B. acknowledges support from an NSF National Young Investigator award.
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TABLE 1
PCA Data and Spectral Parameters for XTE J1550{564
Obs Date MJD
a
Obs Count
b
HR
c
QPO T
col
R
d
Photon Power-
e
Total
f
Disk 
2

# (UT) Time Rate Freq. (keV) (km) Index law Flux /Tot (87
mmdd (s) (Hz) Norm. Flux dof)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
1 0918 51074.14 2020 5151 0.46 5.7 0:79  0:04 33:2
+3:3
 2:7
2:70  0:01 71:2
+3:2
 2:8
0:88  0:06 0.10 0.50
2 0919 51075.99 2975 13194 0.50 13.1 3:31  0:16 2:1
+0:2
 0:2
2:82  0:02 243:5
+4:8
 4:5
2:50  0:12 0.10 0.34
3 0920 51076.80 5000 6359 0.44 7.0 0:88  0:04 27:0
+2:3
 2:3
2:77  0:01 98:2
+4:6
 3:9
1:09  0:07 0.10 0.47
4 0920 51076.95 4930 7152 0.43 8.5 1:03  0:08 13:7
+3:1
 4:3
2:84  0:02 134:8
+6:7
 5:9
1:28  0:10 0.05 0.72
5 0921 51077.14 3680 7969 0.42 9.8 1:29
+0:14
 0:07
9:5
+2:4
 2:9
2:86  0:01 149:4
+6:3
 6:1
1:40  0:10 0.06 0.83
6 0921 51077.21 9710 6866 0.43 7.0 1:04  0:05 15:4
+2:3
 3:1
2:82  0:01 120:2
+5:2
 4:4
1:21  0:08 0.07 0.71
7 0921 51077.87 10450 5557 0.44 6.2 0:81  0:04 32:5
+2:9
 2:4
2:73  0:01 77:8
+3:9
 3:1
0:93  0:07 0.10 0.54
8 0922 51078.13 4100 4779 0.46 5.3 0:74  0:05 39:5
+5:0
 3:6
2:69  0:01 64:4
+2:8
 2:5
0:82  0:06 0.10 0.50
9 0923 51079.79 2700 3963 0.49 4.0 0:57  0:04 77:8
+15:2
 10:9
2:55  0:01 41:7
+1:2
 1:1
0:66  0:05 0.11 0.69
10 0924 51080.08 3130 3807 0.49 3.8 0:57  0:04 74:5
+16:7
 11:2
2:55  0:01 40:7
+1:1
 1:1
0:65  0:04 0.10 0.70
11 0925 51081.06 4430 3344 0.62 2.8 0:47  0:04 116:7
+33:8
 24:5
2:40  0:01 27:7
+0:5
 0:5
0:55  0:04 0.09 0.86
12 0926 51082.00 7170 3265 0.63 2.7 0:46  0:03 122:5
+37:6
 26:6
2:38  0:01 26:3
+0:4
 0:4
0:54  0:04 0.08 0.79
13 0927 51083.00 3860 3172 0.64 2.6 0:45  0:03 127:8
+39:8
 28:3
2:36  0:01 24:6
+0:4
 0:4
0:52  0:04 0.08 0.89
14 0928 51084.34 4750 3120 0.65 2.7 0:48  0:03 107:8
+32:5
 21:9
2:35  0:01 23:6
+0:4
 0:4
0:51  0:03 0.08 0.78
15 0929 51085.27 4500 3608 0.53 3.9 0:63  0:04 55:5
+10:2
 7:0
2:54  0:01 36:8
+1:3
 1:3
0:60  0:04 0.11 0.79
16 0929 51085.92 1800 3075 0.62 2.9 0:51  0:03 93:9
+22:2
 16:0
2:36  0:01 23:5
+0:5
 0:5
0:50  0:03 0.10 0.64
17 0929 51085.99 5060 3099 0.61 3.0 0:57  0:04 69:4
+17:4
 12:0
2:41  0:01 26:5
+0:9
 1:0
0:53  0:04 0.10 0.87
18 0930 51086.89 5630 3238 0.56 3.5 0:56  0:03 72:4
+14:2
 10:5
2:44  0:01 28:1
+0:7
 0:7
0:53  0:03 0.11 0.64
19 1001 51087.72 8390 3146 0.58 3.4 0:56  0:03 74:8
+15:2
 11:1
2:43  0:01 27:0
+0:7
 0:7
0:52  0:03 0.11 0.55
20 1002 51088.01 6050 3044 0.60 3.2 0:55  0:04 73:5
+19:8
 13:5
2:39  0:01 24:5
+0:7
 0:7
0:50  0:04 0.10 0.46
21 1003 51089.01 3030 2906 0.62 3.0 0:53  0:03 78:6
+18:1
 12:8
2:36  0:01 22:1
+0:5
 0:5
0:47  0:03 0.10 0.56
22 1004 51090.14 3160 3142 0.55 3.8 0:64  0:03 53:0
+7:6
 5:6
2:45  0:01 26:9
+0:9
 0:9
0:51  0:03 0.13 0.57
23 1004 51090.70 3500 2990 0.56 3.7 0:57  0:03 72:1
+12:3
 9:4
2:44  0:01 25:8
+0:7
 0:7
0:50  0:03 0.12 0.74
24 1005 51091.74 2830 3741 0.46 5.5 0:74  0:03 42:8
+3:2
 2:6
2:58  0:01 38:4
+1:6
 1:5
0:62  0:04 0.17 0.56
25 1007 51093.14 3030 4020 0.45 6.5 0:86  0:02 31:7
+1:4
 1:3
2:60  0:01 41:3
+1:8
 1:6
0:67  0:04 0.19 0.44
26 1008 51094.14 2970 3017 0.53 4.3 0:67  0:03 47:9
+5:3
 4:2
2:45  0:01 25:0
+0:9
 0:9
0:48  0:03 0.15 0.55
27 1008 51094.57 3850 3160 0.48 5.0 0:72  0:02 43:5
+3:3
 2:8
2:51  0:01 28:8
+1:1
 1:0
0:52  0:03 0.17 0.62
28 1009 51095.61 1300 2871 0.52 4.5 0:67  0:03 48:9
+4:8
 3:9
2:45  0:01 24:3
+0:9
 0:8
0:48  0:03 0.16 0.70
29 1010 51096.57 4050 3086 0.48 5.4 0:74  0:02 41:3
+3:0
 2:5
2:52  0:01 28:5
+1:2
 1:1
0:51  0:03 0.18 0.50
30 1011 51097.57 1480 2750 0.51 4.7 0:68  0:02 47:4
+4:0
 3:3
2:46  0:01 23:5
+0:9
 0:8
0:46  0:03 0.17 0.68
31 1011 51097.81 1050 2574 0.54 4.2 0:65  0:03 50:4
+5:8
 4:6
2:40  0:01 19:7
+0:8
 0:7
0:42  0:03 0.16 0.61
32 1012 51098.28 1710 2785 0.51 4.9 0:74  0:02 38:4
+2:7
 2:3
2:45  0:01 22:6
+0:9
 0:9
0:46  0:03 0.18 0.48
33 1013 51099.21 1480 2679 0.52 4.8 0:74  0:02 38:7
+2:8
 2:4
2:44  0:01 21:2
+0:9
 0:9
0:44  0:03 0.18 0.70
34 1013 51099.61 2620 2640 0.51 4.9 0:71  0:02 42:7
+3:2
 2:7
2:44  0:01 21:3
+0:8
 0:8
0:44  0:03 0.18 0.57
35 1014 51100.29 2700 3142 0.46 6.4 0:82  0:02 34:6
+1:4
 1:3
2:52  0:01 26:6
+1:1
 1:0
0:51  0:03 0.23 0.48
36 1015 51101.61 1630 3071 0.44 6.8 0:82  0:02 35:6
+1:4
 1:3
2:53  0:01 27:0
+1:2
 1:1
0:51  0:03 0.24 0.60
37 1015 51101.94 2080 3020 0.44 6.7 0:83  0:01 34:1
+1:3
 1:2
2:51  0:01 25:2
+1:1
 1:0
0:50  0:03 0.24 0.58
38 1020 51106.95 930 3755 0.36 5.4 0:97  0:01 30:5
+0:8
 0:7
2:60  0:02 31:2
+1:7
 1:6
0:62  0:04 0.35 0.82
39 1022 51108.07 9870 3547 0.38 5.3 0:98  0:01 28:6
+0:6
 0:6
2:57  0:01 28:0
+1:3
 1:2
0:58  0:03 0.34 0.44
40 1023 51109.74 1230 3272 0.35 4.9 0:93  0:01 32:5
+0:8
 0:8
2:61  0:02 27:2
+1:6
 1:5
0:54  0:04 0.36 0.82
41 1024 51110.27 3560 3013 0.32 { 0:92  0:01 34:8
+0:6
 0:6
2:60  0:02 22:4
+1:3
 1:3
0:51  0:03 0.43 0.74
42 1025 51111.60 850 2861 0.34 { 0:90  0:01 35:1
+0:7
 0:7
2:55  0:02 19:9
+1:2
 1:2
0:48  0:03 0.41 0.80
43 1026 51112.80 1720 2694 0.34 { 0:88  0:01 36:0
+0:7
 0:7
2:51  0:02 17:5
+0:9
 0:9
0:45  0:02 0.42 0.56
44 1027 51113.67 1050 2395 0.31 { 0:87  0:01 36:9
+0:7
 0:7
2:54  0:02 15:6
+0:9
 0:9
0:40  0:02 0.45 0.64
45 1029 51115.28 2070 1801 0.27 6.9 0:84  0:01 39:2
+0:7
 0:7
2:47  0:02 8:38
+0:50
 0:48
0:30  0:01 0.56 0.83
46 1031 51117.35 1950 1242 0.14 { 0:81  0:01 45:3
+0:6
 0:6
2:22  0:04 1:55
+0:17
 0:15
0:23  0:01 0.84 1.50
47 1102 51119.00 3680 1025 0.13 { 0:78  0:01 47:0
+0:7
 0:7
2:27  0:04 1:50
+0:17
 0:15
0:19  0:01 0.83 1.01
48 1104 51121.00 3750 760 0.07 { 0:76  0:01 46:4
+0:6
 0:6
2:35  0:06 0:62
+0:11
 0:09
0:15  0:01 0.92 1.25
49 1107 51124.73 2190 611 0.10 { 0:72  0:01 47:3
+0:7
 0:7
2:20  0:05 0:63
+0:09
 0:08
0:12  0:01 0.87 0.94
50 1109 51126.59 4680 649 0.17 5.2 0:71  0:01 46:9
+0:7
 0:7
2:31  0:02 1:59
+0:10
 0:09
0:12  0:01 0.74 0.91
51 1111 51128.56 2520 503 0.14 { 0:68  0:01 48:7
+0:9
 0:8
2:19  0:04 0:79
+0:08
 0:07
0:10  0:01 0.81 0.98
52 1113 51130.46 4800 453 0.15 { 0:67  0:01 48:3
+0:8
 0:8
2:16  0:03 0:72
+0:05
 0:05
0:09  0:01 0.80 1.20
53 1115 51132.48 2980 385 0.14 { 0:66  0:01 47:5
+0:9
 1:0
2:18  0:05 0:63
+0:08
 0:07
0:08  0:01 0.80 2.89
54 1117 51134.44 5050 310 0.10 { 0:64  0:01 48:3
+0:8
 0:8
2:17  0:04 0:38
+0:04
 0:04
0:07  0:01 0.85 1.94
55 1119 51136.78 6500 260 0.11 { 0:61  0:01 51:1
+0:7
 0:7
2:23  0:04 0:42
+0:04
 0:03
0:06  0:01 0.83 1.33
56 1120 51137.92 4220 330 0.24 8.0 0:62  0:01 46:8
+1:1
 1:1
2:24  0:03 0:98
+0:06
 0:06
0:07  0:01 0.66 1.56
57 1122 51139.99 1600 321 0.32 9.2 0:61  0:01 43:7
+1:2
 1:2
2:19  0:03 1:00
+0:06
 0:06
0:06  0:01 0.59 0.99
58 1123 51140.71 2500 286 0.27 9 0:60  0:01 45:0
+1:2
 1:1
2:24  0:02 0:98
+0:05
 0:05
0:06  0:01 0.60 0.89
59 1126 51143.80 1880 257 0.28 9 0:57  0:01 49:2
+5:3
 3:4
2:37  0:08 1:22
+0:20
 0:18
0:05  0:01 0.55 1.09
60 1128 51145.48 5660 167 0.15 { 0:57  0:01 50:0
+1:0
 1:0
2:04  0:04 0:22
+0:02
 0:02
0:04  0:01 0.81 1.33
a
Start of observation, JD   2; 400; 000:5.
b
Source counts s
 1
PCU
 1
at 2{30 keV.
c
Hardness Ratio, here defined as the count ratio, 6{30 keV / 2{6 keV.
d
R

= R
in
(cos )
1=2
=(D=6 kpc), where  is the inclination angle.
e
Photons s
 1
cm
 2
keV
 1
at 1 keV.
f
10
 7
ergs s
 1
cm
 2
from 2{20 keV.
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Fig. 1.— (Upper Panel) The 2–12 keV ASM lightcurve and (Lower Panel) the ratio of the
ASM countrates (5–12 keV)/(3–5 keV) for XTE J1550-564. Additional data from the PCA
observations are represented by open triangles. The small, solid vertical lines in the top
panel indicate the times of pointed RXTE observations; the downward arrows indicate the
observations during which the 185 Hz QPO is present. The intensity increased again after
MJD 51150.
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(b)
(c)
(a)
Fig. 2.— Sample PCA spectra from (a) the flare on MJD 51075 (1998 Sept. 19), (b) the
very high state on MJD 51083 (1998 Sept. 27), and (c) the high/soft state on MJD 51121
(1998 Nov. 4). The individual components of the model are also shown. Although error bars
are plotted for all the data, they are only large enough to be visible at the highest energies
in panel (c).
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(a) Disk + PL
(b) Disk + PL + Fe Emission & Absorption
Fig. 3.— The ratio data/model for (a) the multicolor disk plus power-law model and (b)
the multicolor disk plus power-law plus Fe emission & absorption model for a representative
high/soft state spectrum (MJD 51126, 1998 Nov. 9). The addition of the Fe emission &
absorption components improves the χ2ν from (a) 7.9 to (b) 0.9 in this example.
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Fig. 4.— Spectral parameters and fluxes for PCA observations of XTE J1550–564. See
the text for details on the spectral models and fitting. The quantities plotted here are
(a) the color temperature of the accretion disk (Tin) in keV, (b) the inner disk radius
R∗ = Rin(cos θ)
1/2/(D/6 kpc), where θ is the inclination angle, (c) the power-law photon
index Γ, (d) the unabsorbed 2–20 keV power-law flux in units of 10−7 erg s−1 cm−2, and (e)
the unabsorbed 2–20 keV disk flux in the same units. When error bars are not visible, it is
because they are comparable to or smaller than the plotting symbol.
